ABSTRACT The tyrosinase (TYR) gene is the major melanogenesis-related gene for skin (fur) or plumage color in mammals and birds. Genetic variation in the promoter region of a gene may affect gene expression and phenotypes. This study compared the TYR promoter region between pooled DNA (n = 8) of chickens (Gallus gallus) with black and white skin using direct sequencing. The single nucleotide polymorphism (SNP) c.-2228A>T was found to have the opposite allele distribution in the two groups. The results of genotyping in a larger population (n = 188) revealed that SNP c.-2228A>T was associated with the skin color of the black-boned chicken. Individuals with genotypes AA and AT had greater TYR expression than those with genotype TT. A luciferase assay of the promoter activity revealed that genotype AA had greater activity than genotype TT. Transcription factor binding site analyses showed that the c.-2228A allele has a putative binding site for transcription factor AT-rich interaction domain 3a (Arid3a), while the c.-2228T allele has sites for GS homeobox 2 (GSX2), homeobox D9 (Hoxd9), and mix paired-like homeobox (MIXL1). We concluded that the TYR promoter polymorphism affects skin color. SNP c.-2228A>T could be used as a genetic marker for marker-assisted selection of skin color in the black-boned chicken.
INTRODUCTION
Skin color is an important economic trait in chicken (Gallus gallus) production. For several thousands of years, the black-boned chicken has been considered highly nutritional food and medicinal material in China. People prefer to purchase black-boned chicken with very black skin. The Muchuan black-boned chicken is a local chicken breed in Muchuan Country, Sichuan Province, China. This bird is characterized by an allblack body, including its feathers, cockscomb, and claws. However, some birds with white or lighter skin arise in the breeding process, and cause economic losses.
The pigmentary phenotype is a genetically complex trait that is complicated at a physiological level (Rees, 2003; Yan et al., 2013) and affected by genetic, physiological, nutritional, and environmental factors. The tyrosinase (TYR) gene is a major gene involved in chicken pigmentation (Li et al., 2010; Liu et al., 2010; Zhang et al., 2015) . TYR is a key enzyme in melanin biosynthesis that catalyzes the oxidation of tyrosine to produce dihydroxyphenylalanine (DOPA) and DOPA quinone (Koga et al., 1995) . The loss of TYR function blocks the melanin synthesis pathway. Ultimately, such animals exhibit an albino phenotype. Many mutations in exons or introns of the TYR gene can cause changes in plumage and flesh color in the chicken (Chang et al., 2006; Sato et al., 2007; Li et al., 2010) . found that the expression of the TYR gene was associated with the skin color of the black-boned chicken using RNA-Seq. However, the molecular mechanism regulating TYR in skin color needs to be investigated further. Variation in the promoter region of a gene may affect gene expression and phenotypes. We postulated that the difference in skin color in the chicken is due to variation in TYR regulation. In this study, we examined the entire sequence of the TYR gene promoter to identify single nucleotide polymorphisms (SNP) related to skin color. The effects of the mutations on TYR transcription activity and mRNA expression also were evaluated. We sought to identify and characterize novel genetic variation in the TYR promoter region in the chicken and to elucidate the molecular mechanism of TYR transcription regulation. 
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MATERIALS AND METHODS
Ethics Statement
The Leshan Normal University Animal Care and Use Committee approved this study. All efforts were made to minimize any discomfort during blood collection.
Sample Collection and Preparation
This study examined 188 female Muchuan blackboned chickens from a breeding farm in Muchuan County. All chickens were at the same feeding and management levels. Blood samples were collected from a wing vein using vacutainers containing sodium heparin. The blood samples were stored at -20
• C until genomic DNA was extracted. The dorsal skin color of each chicken was determined by a portable colorimeter (NR10QC, 3nh, Shenzhen, China). Black, gray, and white skins were defined as value L * (Lightness) ≤ 50, 50 < L * < 60, and L * ≥ 60, respectively. Nine chickens with 3 genotypes of the c.-2228A>T SNP were slaughtered to collect tissues, including skin, kidney, small intestine, abdominal fat, liver, muscular stomach, breast muscle, heart, and ovary. The tissues were immediately frozen and stored in liquid nitrogen until total RNA extraction.
SNP Identification and Senotyping
Genomic DNA was isolated from blood using a whole blood DNA kit (Omega Bio-Tek, Doraville), following the manufacturer's instructions. To prepare DNA pools, 8 black-skinned (B group) and 8 white-skinned (W group) individuals were selected. The DNA concentration of each individual sample was assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) . The DNA pools were prepared by mixing equal amounts of genomic DNA from each individual.
To identify polymorphisms in the TYR gene promoter, 3 pairs of primers (P1, P2, and P3; Table 1 ) were designed to amplify the transcription regulatory region using the chicken genome sequence (GenBank accession no. NC 0,06088.4). PCR products were sequenced to analyze the variation in the DNA sequences in the TYR promoter region.
Allele-specific PCR assays (AS-PCR) were used to genotype the population . The specific primers (Primer P4) for AS-PCR were designed using Primer Premier 5 software (PREMIER Biosoft, Palo Alto, CA). The PCR product was 349 bp long. PCR amplification was performed in 25 μL reactions containing approximately 100 ng template DNA, 12.5 μL 2 × PCR Taq enzyme (TransGen, Biotech, Beijing, China), and 0.5 μL specific and common primers (10 μmol) (TsingKe, Chengdu, China). The amplification conditions consisted of an initial denaturation at 94
• C for 4 min, 30 cycles of amplification (94
• C for 30 s, 55
• C for 30 s, and 72
• C for 30 s), and a final 10 min extension at 72
• C. The PCR products were separated on 2.0% agarose gels by electrophoresis.
RNA Isolation and First Strand cDNA Synthesis
Total RNA was extracted from tissues using TRIzol (Invitrogen, Carlsbad, CA), following the manufacturer's instructions. All RNA samples were reverse transcribed in a 20 μL reaction mixture at 42
• C for 1 h and at 80
• C for 5 min with ProtoScript First Strand cDNA Synthesis kit (NEB, Beijing, China). The quality of the RNA was assessed using the A260/280 and A260/230 wavelength ratios. The integrity of the RNA was evaluated by agarose gel electrophoresis.
Quantitative Real-time PCR
Quantitative real-time PCR (qPCR) was performed using SYBR Green Master Mix (Vazyme Biotech, Nanjing, China) in a StepOne Plus Real-Time PCR system (Applied Biosystems, Foster City, CA). The TYR mRNA levels were measured by qPCR with primer P5. β-Actin was used as a housekeeping gene (amplified with primer P6). The 20 μL PCR reaction consisted of 1 μL cDNA, 0.4 μL of each primer (10 μmol), 0.4 μL ROX Reference Dye, 10 μL SYBR Green Master Mix, and 7.8 μL nuclease-free water. The amplification conditions consisted of an initial denaturation at 95
• C for 5 min and 40 cycles of amplification (95
• C for 10 s and 60
• C for 30 s). Melt curve analyses were performed from 60
• C to 95
• C by reading the plate every 0.3 • C. Gene expression levels were calculated using the 2 −ΔΔCT method.
Construction of Reporter Plasmids
A novel polymorphism site was found in a 244 bp region from c.-2447 to c.-2203, which had been predicted (WWW Promoter Scan https://www-bimas.cit.nih. gov/molbio/proscan/) to be the basal core promoter of TYR. To compare the promoted activity of different genotypes, the 244 bp DNA fragment was amplified and cloned into the pGL3-basic vector (Promega, Madison, WI) via the NheI and XhoI restriction sites. All recombinants were verified by sequencing to ensure correct orientation and genotype. The constructed vectors were named pGL3-A and pGL3-T.
Luciferase Assay of Promoter Activity
DF-1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with high levels of glucose containing 10% (v/v) fetal bovine serum in a 5% CO 2 humidified incubator at 37
• C. The cells were seeded in 12-well culture plates. Then, 1 μg promoter-reporter vector (pGL3-A and pGL3-T) was co-transfected with 0.05 μg Renilla luciferase expression vector pRL-TK (Promega, Madison, WI) into DF-1 cells using 3 μL Lipofectamine 3000 (Invitrogen, Shanghai, China), following the manufacturer's instructions. After transfection, the cells were kept in the incubator for another 24 h, and then the firefly luciferase activity was measured using the Dual-Luciferase Reporter Assay Kit (Promega, Madison, WI) with a Modulus Single Tube Multimode Reader (Turner Biosystems, Sunnyvale, CA), according to the manufacturer's protocol. The results are expressed as the Renilla/firefly luciferase activity.
Statistical Analysis
The chi-square (χ 2 ) test was used to compare the frequencies of the TYR gene variant in different skin color populations and was performed using SPSS for Windows, ver. 20.0.
RESULTS
A Functional SNP was Associated with the Skin Color of the Black-boned Chicken
We scanned for skin color-related polymorphisms in the TYR promoter region (from c.-2586 to c.-99) using pooled DNA from 2 groups (B group and W group). One SNP (c.-2228A>T) was detected in the TYR promoter region ( Figure 1A ). In the B group, c.-2228A was the major allele, whereas in the W group, c.-2228T occurred more frequently ( Figure 1A) .
AS-PCR was used to genotype 188 chickens (Figure 1B) . Independent χ 2 analysis of genotype revealed that the genotype frequencies differed significantly among the populations (P < 0.01). SNP (c.-2228A>T) was significantly associated with skin color in the blackboned chicken (Table 2) .
TYR Gene Expression Patterns in Different Tissues
Quantitative real-time PCR was performed to determine the expression level of chicken TYR in the skin, kidney, small intestine, abdominal fat, liver, muscular stomach, breast muscle, heart, and ovary. The greatest expression of TYR was in skin; mRNA also was identified in abdominal fat, muscular stomach, breast muscle, heart, and ovary, while there was almost no expression in the kidney, small intestine, or liver (Figure 2 ).
Differential Expression of TYR Among Different Genotypes
Quantitative real-time PCR was performed to determine the difference in TYR mRNA levels in skin tissues among the 3 genotypes. As shown in Figure 3 , the AA and AT genotypes had significantly higher mRNA levels than the TT genotype (P < 0.01). The AA genotype had higher TYR mRNA levels than the AT genotype (P < 0.01).
AA Genotype Promoter Processed Higher Transcription Activity
The AA genotype had higher TYR mRNA levels than the TT genotype. A luciferase assay of promoter activity was performed to investigate the influence of the different genotypes on transcription activity. Promoterreporter vectors with different genotypes were constructed and named pGL3-A and pGL3-T. This showed that the pGL3-A reporter plasmid had significantly higher activity than the pGL3-T reporter plasmid (P < 0.01) (Figure 4 ).
Transcription Factor Prediction
Transcription factors regulate the gene expression of multicellular organisms by binding with cis-regulatory elements that usually reside in gene promoters (Riechmann et al., 2001; Singh et al., 2002; Hobert, 2008) . Mutations of the binding sites in the core promoter region can transfer the different transcription factors to cis-acting elements and lead to gene transcriptional inhibition and activation. The JASPAR online tool (http://jaspar.genereg.net) (Mathelier et al., 2014 ) was used to analyze potential transcriptional factors in the core promoter sequence containing the mutation site c.-2228A>T. Interestingly, distinct putative transcriptional factors were identified in the 2 alleles of mutation site c.-2228. Allele c.-2228A has a transcription factor binding site exclusively for AT-rich interaction domain 3a (Arid3a), while allele c.-2228T has putative binding affinity with GS homeobox 2 (GSX2), homeobox D9 (Hoxd9), and mix paired-like homeobox (MIXL1).
DISCUSSION
Melanin-based pigmentation of the feathers and skin or fur is determined mainly by the distribution of 2 melanin pigments (eumelanin and pheomelanin) in birds and mammals (Chang et al., 2006) . TYR is the key enzyme in the biogenesis of both melanin pigments (Beermann et al., 2004; Bourgeois et al., 2016) . Abnormal TYR function can block the melanin synthesis pathway, and cause an albino phenotype in animals (Tobita-Teramoto et al., 2000; Imes et al., 2006; Valencia et al., 2006) . Various polymorphisms in TYR have been found to significantly differ among 4 different flesh-colored chicken breeds (Li et al., 2010) . Genetic polymorphism of the TYR gene may influence melanin pigmentation. In the present study, we scanned polymorphisms in the TYR promoter region by direct sequencing of 2 DNA pools from black-and white-skinned chickens. Ultimately, we found that one SNP was associated with the skin color of chickens. The results showed that genotype AA made a major contribution to the production of black skin and was the key determinant of melanogenesis. However, 5 birds with white skin were identified as genotype AA, while 14 birds with black and gray skin were genotype TT. Numerous studies have reported that TYR activity is responsible for melanin pigment formation (Oetting, 2000) . Post-transcriptional processing (mRNA transport, translational activation/silencing, protein stability, and post-translational modification) of the TYR mRNA may play a crucial role in these special individuals.
Further analysis of the special individuals with different genotypes will play an important role in helping us better understand the molecular biological function of TYR and pigment formation. In addition, a large number of other genes (TYRP1, POMC, SLC24A5, Corin, and DCT) were involved in melanin pigment production and deposition (Bourgeois et al., 2016) . A recent study of the black-boned chicken used high-throughput RNA deep-sequencing technology to investigate the expression profiles of the genes involved in skin pigmentation associated with black and white skin colors and found that 811 differentially expressed genes were associated with the skin color of chickens . Different melanin-related polymorphism sites have been identified in the introns (Chang et al., 2006; Sato et al., 2007) or coding sequences (Tobita-Teramoto et al., 2000) of TYR in chickens. All of these studies, together with our results, prove that the TYR gene can be regulated in different ways. Genetic variation in the 5' promoter regions is a very important transcriptional regulatory mechanism (Dang et al., 2015) . A point mutation in the cis-regulatory elements of the promoter region can alter gene expression and contribute to altered phenotypes in animals (Cui et al., 2006; Bai et al., 2015) or human disease (Kuehl et al., 2001; Ober et al., 2003; Yin et al., 2011) . In our study, expression of the TYR gene significantly differed among the 3 genotypes. Allele c.-2228A was positively correlated with TYR gene expression in the skin of the chicken. The SNP c.-2228A>T in the promoter region of TYR was responsible for melanin pigmentation of the skin in chickens. In addition, the TYR gene showed the greatest mRNA expression in skin compared to other tissues. These results indicate that TYR is a major gene that is upregulated during the process of melanin synthesis. This is consistent with other studies of chicken skin color and sheep coat color (Fan et al., 2013) .
Gene expression is controlled by cis-regulatory elements that recruit transcription factors and other DNAbinding proteins (Maston et al., 2006) . The majority (86%) of single nucleotide substitutions in the sequence of cis-regulatory elements have significant effects on regulatory activity (Kwasnieski et al., 2012) . Most of these regulatory mutations are located in proximal and distal promoter elements (Epstein, 2009) . We hypothesized that single-base mutations in highly conserved regions that altered binding motifs would be the most likely to affect the affinity of the promoter to transcription factors (Nagore et al., 2013) . The pGL3-A construct showed a significant increase in reporter activity, similar to the qPCR results for skin samples. Transcription factor binding site analyses showed that the c.-2228A allele creates a putative binding site for transcription factor Arid3a, while the c.-2228T allele has sites for GSX2, Hoxd9, and MIXL1. We postulated that the c.-2228T mutation in the TYR promoter region leads to the recruitment of distinct transcript factors, which subsequently suppress gene transcription and result in downregulated gene expression.
We further analyzed the function of transcription factors Arid3a, GSX2, Hoxd9, and MIXL1. Multiple roles for Arid3a have been identified in biological processes, such as cell cycle-regulated events (Rosario et al., 2002; Zhou et al., 2015) , epigenetic post-translational modification (Wilsker et al., 2005; Rhee et al., 2015) , and chromatin remodeling (Forrester et al., 1994; Lin et al., 2007) . Gsx genes (Gsx1 and Gsx2) are expressed in discrete progenitor cells of the embryonic brain and play roles in the early specification of lateral ganglionic eminence progenitors (Pei et al., 2011; Chapman et al., 2013) . HoxD9 plays roles in embryonic segmentation (Fromentalramain et al., 1996) , cell proliferation (Tabuse et al., 2011) , and cell differentiation and migration (Iordache et al., 2015) . The MIXL1 gene encodes a paired class homeobox transcription factor that is involved in embryogenesis (Hart et al., 2002; Sahr et al., 2002) , hematopoiesis (Mead et al., 1996) , and lymphomagenesis (Drakos et al., 2007) . However, no research has examined the relationships among the 4 transcription factors and melanin biosynthesis in skin. Further studies are needed to characterize the molecular mechanism of these transcription factors in melanogenesis.
In conclusion, our results show that SNP c.-2228A>T in the TYR promoter region is associated with the skin color of the black-boned chicken. SNP c.-2228A>T can affect the mRNA level of TYR by recruiting different transcription factors to the promoter. SNP c.-2228A>T could be used as genetic marker for marker-assisted selection of skin color in the blackboned chicken.
